kinases, have been shown to act as repulsive guidance molecules and to induce collapse of neuronal growth cones. For the first time, we show that the ephrin-A5 collapse is mediated by activation of the small GTPase Rho and its downstream effector Rho kinase. In ephrin-A5-treated retinal ganglion cell cultures, Rho was activated and Rac was downregulated. Pretreatment of ganglion cell axons with C3-transferase, a specific inhibitor of the Rho GTPase, or with Y-27632, a specific inhibitor of the Rho kinase, strongly reduced the collapse rate of retinal growth cones. These results suggest that activation of Rho and its downstream effector Rho kinase are important elements of the ephrin-A5 signal transduction pathway.
Introduction
Significant progress has been made recently in understanding the molecular basis of formation of the retinotectal projection (for reviews see Drescher, 1997; Drescher et al., 1997; Flanagan and Vanderhaeghen, 1998) . However, many questions remain open at the cellular level, and signal transduction of retinal growth cones (GCs) 1 is a field where not much is known (for review see Mueller, 1999) . A retinal ganglion cell (RGC) GC advancing over the tectal surface encounters many different guidance molecules simultaneously, and after signal integration, a variety of behaviors like turning, stopping, and branching is observed. Candidate molecules that might induce these behaviors in the vertebrate tectum are several repulsive guidance molecules, of which two belong to the ephrin-A family. Ephrins exert their functions by binding to receptor tyrosine kinases of the Eph family, and two groups of ligands can be distinguished. The A-ephrins are glycosylphosphatidylinositol (GPI)-anchored ligands that bind preferentially to EphA receptors, whereas transmembrane B-ephrins bind preferentially to EphB receptors (Drescher, 1997) . Ephrin-A5 binds to seven different EphA receptors, and at least five of them, EphA3, EphA4, EphA5, EphA6, and EphA7, are expressed by RGC axons (Connor et al., 1998; O'Leary and Wilkinson, 1999) . Not much is known about signal transduction induced by ephrins binding to their receptors. Ephrin-A5 and ephrin-A2 have been shown to guide retinal axons in vitro, and targeted disruption or overexpression resulted in aberrant projections in tectum and lateral geniculate nucleus (Cheng et al., 1995; Drescher et al., 1995; Nakamoto et al., 1996; Monschau et al., 1997; Feldheim et al., 1998; Frisen et al., 1998; Hornberger et al., 1999) . In culture experiments, ephrin-A5 induces collapse of nasal and temporal retinal GCs, whereas ephrin-A2 induces collapse of temporal GCs but not of nasal GCs (Drescher et al., 1995; Monschau et al., 1997) . A collapse-inducing activity of ephrin-A5 was also observed with rat cortical neurons (Meima et al., 1997) .
To analyze the signal transduction machinery in retinal GCs underlying the ephrin-A5-induced collapse, we focused on the small GTPase Rho and its downstream effector, the serine/threonine kinase Rho kinase (ROCK). The Rho GTPases are important regulators of the actin cytoskeleton and their function is best characterized in fibroblasts (Hall, 1998) . Recent work has provided enough data to support the assumption that they exert similar functions in neuronal cells (Mueller, 1999) . In neuroblastoma cells, in neuron-like PC12 cells, and in primary neurons, activation of Rho leads to rapid GC collapse, neurite retraction, or neurite growth inhibition, and these responses are prevented by a specific inhibitor of Rho, the bacterial exoenzyme C3-transferase (Jalink and Moolenaar, 1992; Jalink et al., 1994; Tigyi et al., 1996; Jin and Strittmatter, 1997; Kozma et al., 1997; Hirose et al., 1998; Kranenburg et al., 1999; Lehmann et al., 1999) . C3-transferase ADP ribosylates RhoA, B, and C (but not Cdc42 and Rac) at Asn-41, thereby inhibiting these GTPases (Sekine et al., 1989; Schmidt and Aktories, 1998) . C3-transferase dramatically reduced the fc-ephrin-A5 (f-EA5)-induced collapse of retinal GCs. Moreover, many retinal GCs continued to advance despite the presence of f-EA5. One of the downstream targets of active GTP-bound Rho is the Rho-associated kinase ROCK (for review see Redowicz, 1999) , which is specifically inhibited by the pyridine derivative Y-27632 (Uehata et al., 1997) . Pretreatment of RGC GCs advancing on a laminin substratum, resulted in a significant decrease of the number of collapsed retinal GCs exposed to f-EA5. These results suggest that f-EA5 induces collapse of retinal GCs by activating Rho and its downstream effector ROCK.
Materials and Methods

Primary Cell Culture, Collapse Assay, and Data Analysis
Embryonic day E6 and E7 retinae from white leghorn chicken were isolated and mounted on black nitrocellulose filters as described previously (Bonhoeffer and Huf, 1982; Walter et al., 1987) . 275-m-wide retinal explant strips were cut along the nasal temporal axis with a McIlwain tissue chopper. Retinal strips were placed on laminin-coated coverslips and stabilized with small metal bars. Explants were cultured at 37 Њ C, 4% CO 2 , 100% relative humidity for ‫ف‬ 24 h in 600 l F12 culture medium (Gibco) with 0.4% methyl cellulose. In C3-transferase experiments, 200 l F12 medium containing 300 ng/ml C2IN-C3 and 300 ng/ml C2II were added to the cultures 6 h before collapse induction by f-EA5. To inhibit ROCK, 10 M Y-27632 was added to retinal cultures 2 h before performing f-EA5 collapse experiments.
Retinal explants were grown for 24 h in multi-well plates (Nunc) and were incubated with or without C3-transferase or Y-27632. Control cultures were incubated in medium without performing the collapse assay. For collapse experiments, 200 l medium containing 1.0 g f-EA5 (Hornberger et al., 1999) was added. 30 min later, cultures were fixed with 4% paraformaldehyde, 0.3 M sucrose in PBS.
After fixation with paraformaldehyde, the explants were stained with an F-actin stain, Alexa Fluor-Phalloidin (Molecular Probes, Inc.), or with antibodies specific for RhoA (Santa Cruz Biotechnology) or the ROCK Rock1 (Santa Cruz Biotechnology). As a secondary antibody, a Cy-3-conjugated antibody (Dianova) was used. In C2-C3 incubated cultures, immunostaining was done using a primary rabbit polyclonal antibody directed against C3-transferase, and a secondary Cy3-labeled goat anti-rabbit antibody (Dianova). The collapsed and noncollapsed GCs were counted in each culture and the data were analyzed with Microsoft Excel. Data are expressed as mean Ϯ SD. Statistical analysis among the different groups were done by one-way analysis of variance, and in all analyses, differences were considered statistically significant at P Ͻ 0.01. Criteria for collapsed GCs were a total loss of filopodia and lamellipodia and a strong decrease in F-actin content. Images were collected with a Sony CCD camera and a PC using the analysis software (SIS).
ADP Ribosylation Assay of Rho
For the ADP ribosylation assay (Barth et al., 1999) , we used highly enriched RGC cultures (Bauch et al., 1998) . Cells were treated with the respective toxins as indicated. After incubation, the medium was removed and the cells were treated with 1 mg/ml trypsin for 10 min at 37 Њ C. After blocking trypsin with serum-containing medium, the cells were harvested and lysed with cold lysis buffer (2 mM MgCl 2 , 0.1 mM PMSF, 20 g/ml leupeptin, 80 g/ml benzamidine in 50 mM Hepes, ph 7.4). Lysates were incubated with [ 32 P]NAD and 50 ng C2IN-C3 fusion toxin at 37 Њ C for 30 min, Laemmli buffer was added, and the samples were heated for 3 min at 95 Њ C and run on an SDS-gel. [
32 P]ADP ribosylated proteins were detected by autoradiography with a PhosphorImager from Molecular Dynamics.
Glutathione S-Transferase (GST) Fusion Protein Pull-down Assay
This assay is based on the capability of GST-Rhotekin and GST-Pak to bind to the GTP-bound Rho and Rac, respectively. Both assays were performed as described (Sander et al., 1998; Ren et al., 1999) . In brief, 5 ϫ 10 6 RGCs were plated on laminin-coated 10-cm dishes. After 24 h, f-EA5 (1 g/ml) was added to the cultures, and after 30 min of incubation the cells were lysed. Lysates were cleared by centrifugation and aliquots were taken for determining total amount of Rac and Rho by immunodetection on Western blots using Rac-and Rho-specific antibodies (Santa Cruz Biotechnology). The remaining amount of the lysates was incubated with GST-Rho binding domain of Rhotekin or GST-Rac/Cdc42 binding domain of Pak immobilized on glutathione-coupled Sepharose beads for 30 min at 4 Њ C. Beads were washed, eluted in Laemmli sample buffer, and analyzed by Western blotting using mouse mAb anti-Rho or rabbit polyclonal anti-Rac.
Results
To analyze the role of the Rho GTPase in ephrin-A5-induced collapse of retinal GCs, we asked first whether RhoA and ROCK are expressed by retinal GCs. Retinal axons growing on a laminin substratum were fixed and stained with Rho-and ROCK-specific antibodies. RhoA and ROCK were detected in GCs of chick embryonic RGCs and both proteins were present in lamellipodia and filopodia (Fig. 1, A and B) . Inhibition of these proteins requires that a sufficient amount of the C3-like transferase permeates the plasma membrane of retinal GCs. Unfortunately, C3-transferase and its relatives do not enter cells readily (Barth et al., 1998) , requiring high amounts of enzyme to be added to the culture medium. To solve this problem of low membrane permeability of the C3-transferase, a new C2-C3 fusion toxin with higher membrane permeability was used, whose activity is several hundredfold higher when added to culture medium (Barth et al., 1998) . The carrier system consists of the NH 2 -terminal part of the enzyme component (C2IN) of binary C. botulinum C2 toxin fused to the C3-like transferase from C. limosum . This C2IN-C3 fusion toxin interacts with the C2-binding component C2II and seems to induce uptake of both components by receptor-mediated endocytosis (Simpson, 1989; Ohishi and Yanagimoto, 1992; Barth et al., 1998) . After adding the C2IN-C3 fusion toxin together with the C2II binding protein to RGC axons on laminin, cultures were fixed and stained with an antibody directed against the C3-like transferase. A secondary antibody, coupled to the fluorophore Cy-3, revealed clear staining of retinal axons in cultures treated with C2IN-C3 and C2II (Fig. 1 C) but no staining in control cultures (Fig. 1 D) . To examine if the Rho GTPase was ADP ribosylated and inactivated, homogenates from highly enriched RGC cul-tures (Bauch et al., 1998) were loaded onto an SDS-gel and were subjected to an in vitro [ 32 P]ADP ribosylation assay with C3. Labeled proteins were visualized by SDSgel autoradiography (Barth et al., 1999) . The level of Rho was significantly reduced in the cell lysate in the presence of the fusion toxin but not in the controls where no toxin was added (Fig. 2 A) , or where the single components of the fusion toxin (C2I, C2II, and C2IN-C3) were added (data not shown). After 2 h of treatment with the fusion toxin, [
32 P]ADP ribosylation of Rho was significantly reduced, and after 4 and 8 h of treatment, no ribosylatable Rho protein was left (Fig. 2 A) , suggesting that all Rho proteins have been ADP ribosylated and inactivated. These results show first that the carrier system for the C3-transferase works on retinal axons growing on laminin, and second that Rho is ADP ribosylated and inactivated.
To monitor inhibition of ROCK, Y-27632 was added at several timepoints to RGC cultures before performing collapse experiments with f-EA5. Inactivation of ROCK was followed by analyzing phosphorylation of the regulatory myosin light chain (RMLC) on Western blots of gels with RGC homogenates, using the pp2b antibody specific for phosphorylated RMLC (Hirose et al., 1998; . ROCK phosphorylates and inhibits myosin light chain (MLC) phosphatase, leading to an increase in phosphorylation of RMLC , and incubation of RGC cultures in 10 M Y-27632 for 1 h resulted in loss of detectable phosphorylated RMLC, suggesting complete inhibition of ROCK (Fig. 2 B) .
Pull-down assays with GST fusion proteins were performed to measure activation of Rho and Rac in f-EA5-treated RGC cultures. To this aim, RGCs were treated with either f-EA5 or buffer. Cells were subsequently lysed and the level of GTP-bound Rho was determined using the Rho-binding domain of Rhotekin. Rhotekin, a downstream target of Rho, binds specifically to GTP-bound Rho (Reid et al., 1996) . f-EA5 induced a dramatic increase in GTP-bound Rho (Fig. 2 C) , whereas in control cultures Rho activation was hardly detectable (Fig. 2 C) . In contrast to f-EA5-induced activation of Rho, affinity precipitation of GTP-bound Rac with GST-Pak-CD (Pak CRIBdomain) (Sander et al., 1998 (Sander et al., , 1999 resulted in significant reduction of GTP-Rac in f-EA5-treated cultures compared with control cultures (Fig. 2 D) . These results sug- gest that treatment of RGCs with f-EA5 results in activation of Rho and in downregulation of Rac. In control and f-EA5-treated RGC cultures, no differences were observed in the levels of total Rho and Rac (Fig. 2, C and D, lower panels).
To answer the question if ADP ribosylation of Rho proteins by C2-C3 or inactivation of ROCK by Y-27632 resulted in reduction of the ephrin-A5-induced collapse, we performed collapse experiments with RGC axons growing on laminin. f-EA5 was added to RGC cultures in the presence or absence of C2-C3 or Y-27632 and cultures were fixed 30 min later. Fixed cultures were processed for Alexa Fluor-Phalloidin staining, and collapsed, intermediate, and noncollapsed retinal GCs were counted as described previously (Mueller et al., 1990) . In all cultures, the percentage of intermediate GCs was ‫ف‬ 10%. The presence of C2-C3 or Y-27632 in RGC cultures did not significantly influence basal collapse rate or GC morphology (Fig. 3, A and B) . f-EA5 induces collapse of 80-90% of RGC GCs (Fig. 3, C and D and Fig. 4 ) and collapse occurs 5-15 min after addition of 1 g of f-EA5. In time-lapse experiments, we have never observed retinal GCs that continued to grow in the presence of f-EA5 (Wahl, S., and B.K. Mueller, data not shown). After incubating retinal cells with C2-C3, the collapse-inducing activity of 1 g of f-EA5 was significantly reduced, whereas the single components of the fusion toxin (C2I, C2II, or C2-C3) did not affect the f-EA5-induced collapse of RGC GCs (Wahl, S., and B.K. Mueller, data not shown). The fraction of collapse-resistant retinal GCs increased from ‫ف‬ 10% in control cultures to Ͼ 60% in C2-C3-and C2II-treated cultures (Fig. 3 , E and F and Fig. 4) , and retinal GCs were able to advance despite the presence of f-EA5.
Similar results were obtained after inhibition of ROCK by Y-27632. 2 h before adding f-EA5, retinal axons were treated with 10 M Y-27632. Inhibition of ROCK reduced collapse-inducing activity of f-EA5 significantly (Fig. 3, G and H) and the number of noncollapsed retinal GCs increased from ‫ف‬ 10% to Ͼ 50% (Fig. 4) .
Data are summarized in Fig. 4 . In nontreated control cultures, 3% of retinal GCs are collapsed. Treatment with f-EA5 induces collapse of ‫ف‬ 85% of retinal GCs, and C2-C3 and Y-27632 resulted in a basal rate of collapsed GCs of ‫ف‬ 5%. Inhibition of Rho by C2-C3 reduced collapse rates to Ͻ 40%, and inhibition of ROCK by Y-27632 reduced collapse rates to Ͻ 50% (10 M), suggesting that both proteins are involved in the ephrin-A5-induced collapse of retinal GCs.
Discussion
Repulsive guidance of RGC axons in the tectum is a crucial mechanism for establishing the initial topographic projection. To understand the signal transduction underlying repulsive guidance of RGC GCs, we performed experiments with the repulsive guidance molecule ephrin-A5.
Specific inhibitors of the Rho GTPase, the C3-transferase, and of the ROCK Y-27632, dramatically reduced the f-EA5 collapse-inducing activity of retinal GCs. The significant neutralization of the collapse activity correlates well with the extent of inactivation of the Rho proteins. A 2-h treatment of RGCs with C2-C3 and C2II reduced the level of Rho available for [ 32 P]ADP ribosylation by ‫ف‬ 50%, and reduced collapse rates from 80-90% to 50%. After 6 h of treatment, the level of available Rho was further decreased to nondetectable levels, and the collapse rate was further decreased to 38%. It is possible that rapid neosynthesis of Rho prevents complete neutralization of the f-EA5 collapse activity. In rat astroglial cells, Rhoassociated cytoskeletal changes were reversed when Rho neosynthesis reached ‫ف‬ 10% of the normal cellular content of Rho (Barth et al., 1999 ). An alternative explanation for incomplete inhibition might be the existence of different parallel pathways leading to GC collapse (Jin and Strittmatter, 1997; Kuhn et al., 1999) . Different parallel pathways are possible because ephrin-A5 interacts with high affinity with at least five different EphA receptors on RGCs (Connor et al., 1998; O'Leary and Wilkinson, 1999) .
In neuroblastoma cells, nerve growth factor-treated PC12 cells and NG108 cells, lysophosphatidic acid, thrombin, or sphingosine-1 phosphate induced GC collapse and neurite retraction, which was prevented by C3-transferase pretreatment (Jalink and Moolenaar, 1992; Jalink et al., 1994; Postma et al., 1996; Tigyi et al., 1996; Kozma et al., 1997) . Inhibition of ROCK by Y-27632 completely neutralized the collapse-inducing activity of lysophosphatidic acid in N1E-115 neuroblastoma cells (Hirose et al., 1998) . Moreover, inhibition of ROCK by Y-27632 induced neurite outgrowth, which was blocked by transfection of these neuroblastoma cells with dominant-negative Cdc42 and Rac, and it was suggested that activation of Rho and ROCK transmits a negative signal to the Cdc42/Rac pathway (Hirose et al., 1998) , confirming the results of Kozma et al. (1997) . Mutually antagonistic effects of Rac and Rho were also observed in focal contact and focal complex for- mation in Swiss 3T3 cells (Rottner et al., 1999) . In the same cell type, it was recently shown that Rac activation antagonized Rho activity (Sander et al., 1999) .
In our experiments, we also obtained data that point to such an antagonism. The repulsive guidance molecule f-EA5 added to RGC cultures induced activation of Rho and downregulation of Rac. We currently do not know if Rac downregulation is downstream of Rho activation. Activation of the Eph receptor tyrosine kinases by f-EA5 might directly influence Rac and Rho antagonistically.
Cross-talk of the Rho and the Cdc42/Rac pathways has been described at several levels. LIM kinase, another serine/threonine kinase which in turn phosphorylates and thereby inactivates the actin-depolymerizing protein cofilin (Arber et al., 1998; Yang et al., 1998; Maekawa et al., 1999) , is not only activated by ROCK but also by p21-activated kinase (Pak1), and the association of Pak1 with LIM kinase is increased by activated Cdc42 and Rac (Edwards et al., 1999) . Pak is activated by GTP-bound Cdc42 and Rac (Manser et al., 1994; Knaus et al., 1995) .
Another possibility of cross-talk between the Rho and the Cdc42/Rac pathway is the RMLC of myosin II. Activation of Cdc42/Rac results via Pak1 in phosphorylation and inhibition of MLC kinase , in a decrease of MLC phosphorylation, and in decrease of actinmyosin filament interactions (Burridge, 1999) . Activation of Rho results in an increase in MLC phosphorylation indirectly by ROCK phosphorylating MLC phosphatase, thereby inhibiting it , and directly by ROCK phosphorylating MLC . The increase in MLC phosphorylation stimulates actomyosin contractility and results in stress fiber formation or in GC collapse in neural cells. Pak and ROCK have opposing effects on MLC phosphorylation but exert similar effects on LIM kinase, which is activated by both kinases (Edwards et al., 1999; Maekawa et al., 1999) .
Currently not much is known as to how ligand-induced activation of EphA receptor tyrosine kinases regulates the Rho and the Cdc42/Rac pathways. As shown for EphB2 receptors (Holland et al., 1997) , EphA receptors might also interact via autophosphorylated juxtamembrane tyrosine residues, with RasGAP (Ras GTPase-activating protein), which is constitutively associated with RhoGAP. RhoGAP is a negative regulator of Rho, and the strong activation of Rho by f-EA5 in our experiments would require inactivation of RhoGAP activity. It remains to be shown if additional elements (p62 dok) of the RasGAP-RhoGAP complex are responsible for such an inhibition (Holland et al., 1997) .
EphA receptors have been shown recently to interact with several different downstream elements, very often found in advancing GCs. Nonreceptor tyrosine kinases like src, fyn, yes, and abl bind directly via their SH2 domains to phosphorylated tyrosine residues of several different EphA receptors (for reviews see Brückner and Klein, 1998; Kalo and Pasquale, 1999) . Abl was shown to be involved in GC guidance in Drosophila , and mutations in abl suggest that this cytoplasmic tyrosine kinase is required for proper axon growth and guidance (Elkins et al., 1990; Wills et al., 1999) . A possible link from abl to the Rho GTPases is provided by the 3BP-1 protein, which functions as a Rac-specific GTPase-activating protein, and which could therefore counteract Rac-mediated activities (Cicchetti et al., 1992 (Cicchetti et al., , 1995 . It is not known if 3BP-1 or a closely related protein is found in neuronal GCs but we are optimistic that the future analysis of interactions between these cytoplasmic tyrosine kinases and the Rho GTPases will be very fruitful. 
